The optimal deployment of reproductive resources by hermaphrodites to male versus female function (i.e., their sex allocation) depends directly on opportunities for mating. If hermaphrodites occur among females, selection should favor those with a male-biased allocation because increased male allocation enhances siring success when eggs are abundant [1] [2] [3] . Similarly, when hermaphrodites co-occur with males, selection should favor those that bias their allocation toward their female function. We tested these predictions by allowing hermaphrodites of the plant Mercurialis annua to evolve in either the presence or absence of males. In the presence of males, hermaphrodites did not evolve, probably because they were already strongly female biased in the base population. However, hermaphrodites mating in the absence of males evolved greater male allocation, as predicted. Our results provide the first demonstration of an evolutionary response to the frequency of unisexuals in hermaphroditic sex allocation, and they verify the quantitative phase predicted by models for the transition between hermaphroditism and dioecy [4, 5] .
The optimal deployment of reproductive resources by hermaphrodites to male versus female function (i.e., their sex allocation) depends directly on opportunities for mating. If hermaphrodites occur among females, selection should favor those with a male-biased allocation because increased male allocation enhances siring success when eggs are abundant [1] [2] [3] . Similarly, when hermaphrodites co-occur with males, selection should favor those that bias their allocation toward their female function. We tested these predictions by allowing hermaphrodites of the plant Mercurialis annua to evolve in either the presence or absence of males. In the presence of males, hermaphrodites did not evolve, probably because they were already strongly female biased in the base population. However, hermaphrodites mating in the absence of males evolved greater male allocation, as predicted. Our results provide the first demonstration of an evolutionary response to the frequency of unisexuals in hermaphroditic sex allocation, and they verify the quantitative phase predicted by models for the transition between hermaphroditism and dioecy [4, 5] .
Results and Discussion
We established 24 experimental populations of M. annua from seed sampled from an androdioecious population in Morocco. In androdioecy, a rare sexual system in plants [6, 7] and animals [8] , males co-occur with hermaphrodites at frequencies <0.5. In M. annua, male frequencies vary widely, from 0% to about 40% [9, 10] , probably as a combined result of the stochastic effects of colonisation in a metapopulation [11, 12] and the effects of density-dependent siring success [13, 14] . Previous work showed that the Moroccan population sampled for our study here was genetically diverse at isozyme loci [15] and was responsive to artificial selection on sex allocation [16] .
The 24 experimental populations were established in 3 m 3 3 m raised beds at the Wytham Field Laboratory (University of Oxford). The beds were built in three parallel rows and filled with a mixture of horticultural sand, vermiculite, perlite, and sterile Multipurpose Compost (Goundrey's, Chipping Norton, UK). We sowed 1000 seeds into each bed, which yielded an average of 258 (640.3 SD) hermaphrodites per experimental population. We allowed the hermaphrodites in 12 of the populations to evolve in the absence of males by removing all males. In the other 12 populations, we experimentally maintained the frequency of males at approximately 0.5. Actual sex ratios varied somewhat from 50%: they averaged 53% 6 0.01 SE, 49% 6 0.01 SE, and 51% 6 0.01 SE in the first, second, and third generations, respectively. Soil nutrient levels were manipulated by adding 500 g of Osmocote (Scotts, Marysville, OH) 14-13-13 NPK slow-release fertilizer to half of the beds and leaving the remaining beds untreated. Treatment combinations were randomly applied to experimental populations in a fully factorial manner. We collected seeds from the source population and from each of the plots by harvesting hermaphrodites in bulk.
Field estimates of outcrossing rates in M. annua have indicated that plants separated by more than 30 cm primarily self-fertilize their ovules [13] . To prevent extensive gene flow between populations, experimental populations were separated by at least 60 cm and surrounded by a 1 m wall of corrugated PVC sheet. All the populations were maintained at high density so that plants would be largely outcrossing [13] . Under these conditions, hermaphrodites growing in the absence of males should be selected to allocate approximately half of their reproductive resources to pollen production and dispersal [3, 17] . In contrast, given that males of M. annua produce 10-30 times more pollen than hermaphrodites [14] , hermaphrodites evolving in a population comprising 50% males should almost completely abolish their allocation to male function. Because sex allocation is known to be affected by an individual's resource status [18] and because the evolution of separate sexes from dioecy is thought to be favored under low-resource conditions [19] , we divided our experimental populations equally between high-and low-nutrient soil conditions.
Intensity and Direction of Selection
Each of the 24 populations was allowed to evolve over three successive generations under the male frequency and nutrient treatments described above. We estimated the relative fitness (W) of the ith individual according to Morgan and Schoen [20] as
where W F (i) and W M (i) are the estimated fitness of individual i through its female and male functions, respectively, each divided by the average fitness of all individuals in each population through their female and male functions (W F and W M , respectively).
After the first generation of selection, we measured male reproductive effort (the proportion of total above-ground plant biomass allocated to staminate flowers; hereafter referred to as MRE) from a random sample of 20 hermaphrodites and, where applicable, 10 males per population, according to Pannell [12] . Female reproductive effort (FRE) was estimated in the same way for pistillate flowers. These procedures were repeated after the second generation, but with additional hermaphrodites in the sample (30 total hermaphrodites per population). Using these data, we measured the intensity of phenotypic *Correspondence: marceldorken@trentu.caselection acting on hermaphrodites in each of the four treatment combinations over each of two successive generations of selection [21] . We analyzed phenotypic selection for these two years of selection by conducting multiple regression analyses with JMP 5.0.1 (SAS Institute, Cary, NC). We assumed that fitness through male function (W M (i)) was regulated by scramble competition among plants to sire seeds and could therefore be estimated as the proportional investment in male function. Similarly, we assumed that fitness gains through female function (W F (i)) were given by the female investment. We evaluated directional selection (b 0 ) and nonlinear selection (g 0 ) gradients by estimating the linear and quadratic regression coefficients of MRE, standardized to a mean of 0 and unit variance for each population, on relative fitness (standardized to a mean of one for each population) [21] .
In accordance with our predictions, the experimental manipulation of male frequency resulted in substantial positive selection for increased MRE of hermaphrodites in populations with 0% males (Table 1) . Qualitatively, these patterns of selection were highly consistent across the two years in which measurements were made. However, there was no evidence for selection for decreased MRE of hermaphrodites in populations with 50% males. There was also no indication that the soil nutrient treatments affected patterns of selection on MRE.
Response to Natural Selection After three generations of natural selection, we grew progeny of plants from each experimental population under uniform greenhouse conditions at the Department of Plant Sciences, University of Oxford, and estimated their MRE and FRE. To do this, we sowed 100 seeds from each population into 10 cm pots and, after germination, individually transplanted 12 plants from each population into 7 cm pots, which were randomized in the greenhouse. Plants were grown for a further four weeks and then harvested. This procedure was repeated four times, yielding a total sample of 48 plants per population and creating harvest date as an additional factor in the analysis. We evaluated the effect of male frequency and the resource environment on evolutionary changes in the male allocation of hermaphrodites by using linear mixed-effects models in R (www.r-project.org). For this test, we included male removal, fertilizer addition, and harvest date as fixed effects. The row in which the population was located in the matrix of raised beds at the Wytham Field Laboratory and population (nested within row) were considered random effects. MRE was arcsine transformed to meet assumptions of analysis of variance, and the fit of the linear mixed-effects model was calculated by a restricted maximum-likelihood approach. However, neither the scale used for MRE analysis nor whether the analysis employed standard least-squares or maximum-likelihood approaches affected our results in a qualitative manner. Interactions between treatment effects and harvest date did not improve the model fit (evaluated with the Akaike Information Criterion) and were removed from the final model.
We found that the MRE of hermaphrodites from the populations with and without males had diverged significantly after three years of selection, consistent with our predictions and with the measures of phenotypic selection. The progeny of plants from populations with 0% males had 10% higher MRE values than those with 50% males (Figure 1 ; linear mixedeffects ANOVA F 1,18 = 5.6, p < 0.05). Our results were consistent across soil-nutrient treatments, i.e., plant resource status did not affect patterns of selection on MRE. Thus, although we might expect selection to differ between environmental conditions to which plants are known to respond plastically in terms of their sex allocation [19, [22] [23] [24] , our experiment provides no support for this idea. Similarly, an artificial-selection experiment on patterns of sex allocation in hermaphroditic Spergularia marina also failed to detect a difference in the response to selection under contrasting levels of resource availability [25] .
Our experiment shows that hermaphrodites of M. annua respond to frequency-dependent natural selection in a manner assumed by models of sexual system evolution [5] . Previous work has demonstrated that the sex allocation of hermaphrodites is subject to phenotypic selection [26] or that it responds to artificial selection [16, 27] . Our study of androdioecious M. annua has shown that the sex allocation of hermaphrodites Consistent with theoretical expectations, the male reproductive effort of hermaphrodites was greater among the progeny of plants that had been grown in the absence versus the presence of males. Data are untransformed means (61 SE) of the biomass allocated to male function divided by total plant biomass, averaged across populations (i.e., the mean value per population was used for calculating the grand mean for each combination of the male removal and fertilizer treatments). Male reproductive effort was significantly greater for hermaphrodites selected in the absence of males than for those selected in their presence (F 1,18 = 5.6, p < 0.05).
responds to selection arising purely as a result of variation in the frequency of males; such variation is common in natural populations of M. annua [9] and other androdioecious species [28] [29] [30] . In androdioecious populations, hermaphrodites compete with males to sire progeny just as they compete with females to produce seeds in gynodioecious species [31] . The loss of males from an androdioecious population thus implies an increased siring opportunity for hermaphrodites, and our results indicate that they quickly evolve in response to it. In a classic series of studies of transitions between combined and separate sexes [32] [33] [34] [35] , Lloyd speculated that hermaphroditism in Leptinella had evolved in this way after the loss of one unisexual morph of a dioecious species during long-distance colonisation and that the remaining morph gradually evolved the lost morph's sexual function. The reversion of dioecy to hermaphroditism could often occur via this path.
It is perhaps significant that the hermaphrodites in our study failed to respond to selection when competing with an experimentally enhanced frequency of males. We established our experiment by using seed from populations in which hermaphrodites were already strongly female biased and male frequencies approached their maximum frequency of 0.5. These populations might be regarded as sub-dioecious, with females showing 'inconstant' sex expression. Sex inconstancy is particularly common in males of dioecious species that have evolved via gynodioecy, and indeed hermaphrodites of gynodioecious species may be regarded simply as inconstant males [36] . The retention of female function by inconstant males in many gynodioecious species, as opposed to the evolution of fully separate sexes, has remained an important question in the evolution of sexual systems [37] . A possible reason for the maintenance of these phenotypes is that selection becomes less effective when hermaphrodites are already strongly biased in their sex allocation, just as selection on the sex ratio is weak for sex ratios close to their evolutionarily stable state [38] . The results of our experiment are consistent with this idea.
Conclusions
Theories of why and how plant populations undergo transitions between dioecy and hermaphroditism have a long history going back to Darwin [39] , who emphasized the importance of gradual shifts in sex allocation. The importance of a quantitative phase in these transitions has been retained almost universally in theoretical analyses of sexual-system evolution since Darwin's speculations [4, 5, 36] and is integral to all evolutionarily stable strategy models of sex-allocation evolution [1] [2] [3] 40] . Models for the evolution of dioecy from hermaphroditism, or for the breakdown of dioecy back toward hermaphroditism, invoke major mutations that give rise to a sexual polymorphism between hermaphrodites and unisexual individuals [4, 5, 41] . The genetic basis for this polymorphism has been studied in a number of species, and its evolutionary dynamics are well understood [42] . Our study now fills a gap in our understanding of a very common evolutionary transition-that between hermaphroditism and dioecy-in the flowering plants by showing that hermaphrodites change their sex allocation rapidly in response to natural selection resulting from the changes these models invoke in the frequency of unisexuals.
